Abstract The development of BeiDou Navigation Satellite System (BDS) provides opportunities for real-time retrieval of precipitable water vapor (PWV), which is expected to significantly contribute to time-critical meteorological applications. In this study, observations from 17 stations of the Hong Kong Continuously Operating Reference Stations and 15 stations of the Crustal Movement Observation Network of China (CMONOC) are used to retrieve PWV based on the real-time precise point positioning ambiguity resolution approach. Real-time PWV products, retrieved from BDS observations of both summer (day of year [183][184][185][186][187][188][189][190][191][192] and winter (day of year 024-033) periods, are analyzed and validated using postprocessed Global Positioning System products. The results show that the real-time BDS PWV series agree well with the Global Positioning System PWV series. Root-mean-square values for the Hong Kong Continuously Operating Reference Stations and CMONOC stations are 2.0-3.5 and 2.5-4.0 mm, respectively. In addition, short initialization time, strong reliability, and good distribution could be achieved by applying the fixed solution instead of the float solution. With the gradual completion of BDS constellation, the BDS can independently contribute to real-time sensing of PWV and potentially contribute to time-critical meteorological applications.
Introduction
Atmospheric water vapor is essential for atmospheric energy transfer and formation of precipitation events. It plays an important role in various weather and climate processes. Numerous techniques have been used to measure the atmospheric water vapor, such as radiosonde (Coster, 1996; Niell et al., 2001 ) and water vapor radiometer (Gradinarsky & Elgered, 2000) . The extraction of zenith tropospheric delay (ZTD) and precipitable water vapor (PWV) from Global Positioning System (GPS) observations, defined as GPS meteorology, was initially proposed by Bevis (1992) . Extensive studies have been conducted for retrieving atmospheric parameters, and related data products are widely used in atmospheric research and applications. The accuracy of postprocessed GPS PWV can be as fine as 1.0 mm related to independent techniques, mostly radiosonde (Bock et al., 2016; Dousa, 2001; Karabatic et al., 2011; Niell et al., 2001; Van Baelen et al., 2005) . However, some time-critical meteorological applications such as numerical weather prediction nowcasting and severe event monitoring require rapid updates of tropospheric results (Ding et al., 2017; Dousa & Vaclavovic, 2014; . The latency of real-time product is usually within a few minutes (Guerova et al., 2016) , and the accuracy of the real-time PWV is better than 3 mm with respect to the meteorological sensors. Currently, real-time sensing of PWV has attracted much attention in the GPS meteorology community.
Since the International Global Navigation Satellite System Service (Dow et al., 2009) announced the availability of real-time precise satellite orbit/clock in 2012 (Caissy et al., 2012) , interest in real-time precise point positioning (PPP) techniques has been significantly increasing. However, the performance of PPP-inferred atmospheric products is limited by the uncalibrated phase delay (UPD) (Ge et al., 2008) , which lowers accuracy and leads to longer initialization time (Li et al., 2011; Liu et al., 2017; Shi & Gao, 2012) . A root-mean-square (RMS) of about 1 mm in GPS PWV was obtained by ambiguity fixed PPP with respect to near-real-time products from the German Research Centre for Geosciences (GFZ) (Caissy et al., 2012; Gao et al., 2006) , and the accuracy of real-time PPP-derived GPS PWV is better than 3 mm (Ahmed et al., 2016; Yuan et al., 2015) . All these results demonstrated that the PPP technique can be implemented in the retrieval of accurate real-time PWV and time-critical applications. be operated as a full constellation by the year 2020 (China Satellite Navigation Office, 2012). With the development of BDS, X. demonstrated that the combination of BDS and GPS observations could make a better performance of PWV retrieval than a single system. However, as an independent satellite navigation system, BDS is expected to have the independent capability for meteorological applications without the help of other navigation systems. Meanwhile, the satellite constellation design of BDS is different from that of GPS. Therefore, it is important and valuable to investigate the performance of BDS only for PWV retrieval. X. evaluated the performance of postprocessed BDS PWV, and an improved method of BDS PWV retrieval was demonstrated by Lu et al. (2017) . But so far little work has been reported on the improvement of the real-time BDS PWV estimated with the PPP ambiguity resolution approach.
In this study, observations from 17 stations of the Hong Kong Continuously Operating Reference Stations (CORS) and 15 stations of the Crustal Movement Observation Network of China (CMONOC) were used to retrieve BDS PWV based on the real-time PPP ambiguity resolution approach. The initialization time, reliability, and accuracy were analyzed to evaluate the performance of real-time BDS PWV with respect to postprocessed GPS PWV. This article is organized as follows. Section 2 describes BDS data sets from Hong Kong and CMONOC networks and the BDS ZTD/PWV extraction with real-time PPP ambiguity resolution strategies. Next in section 3, the experiment and analysis are discussed in detail. Finally, the conclusions and perspectives are presented in section 4.
Data and Method

Tracking Network and Data Collection
The Hong Kong tracking network consists of 18 CORS, and the distance between two adjacent stations is approximately 10 to 15 km. The dense distribution of stations enables the provision of high-quality products for users in most areas. The CMONOC includes 2,260 stations, which is established to monitor crustal movement and gravity changes in China. These stations can provide high-quality observations covering the entirety of the Chinese mainland.
In this study, observations from 32 stations (17 in the Hong Kong CORS and 15 in CMONOC) were employed to retrieve the BDS PWV product. The distribution of these stations is shown in Figure 1 . All selected stations can collect BDS and GPS observations simultaneously and continuously. The number of visible satellites (NSAT) and the Position Dilution of Precision of station HKMW (from Hong Kong CORS) and station JXJA (from CMONOC) on day of year (DOY) 024, 2016 are shown in Figure 2 . These two stations are capable of tracking more than six BDS satellites simultaneously, which will contribute to a better geometry condition and more accurate PWV estimates for BDS. 
Real-Time BDS PWV Retrieval
The ionosphere-free (IF) combination of dual-frequency pseudorange and carrier phase is commonly applied in PPP processing to eliminate the effect of the ionosphere. The observation equation can be formulated as , which is the main object of interest in this study, consists of hydrostatic and wet components, both of which can be expressed by their individual zenith delay, gradients, and mapping functions:
Here Z h and Z w denote zenith hydrostatic delays (ZHD) and zenith wet delays (ZWD) (meters); mf h and mf w represent the hydrostatic and wet mapping functions. In this study, the Global Mapping Function (Boehm et al., 2006 ) was adopted. G N and G E are the north and east gradients, e and a indicate elevation and azimuth angles, respectively. ZHD could be calculated with sufficient accuracy by empirical models-Saastamoinen model in this study (Saastamoinen, 1972) . ZWD is influenced by various factors in the atmosphere, and thus, it has a high degree of spatiotemporal instability, which makes it difficult to achieve the required accuracy with model calculations. Therefore, ZWD is usually modeled as an unknown parameter and estimated in the PPP data processing.
The coordinates of stations are fixed as known values in the PPP data processing. With the precise clock and orbit corrected, the parameter vector X to be estimated in the traditional BDS PPP data processing can be described as
where e N s r represent float ambiguities. It usually takes a few hours to allow a BDS PPP to achieve centimeterlevel accuracy. The corresponding BDS tropospheric PWV estimates also require such long initialization time. In addition, the UPD decreases the accuracy of BDS PWV (Shi & Gao, 2012) . To improve the accuracy of BDS tropospheric estimation and shorten the initialization time, a PPP ambiguity resolution described by Li and Zhang (2012) was applied in this study.
Ambiguities in the traditional standard PPP model lose their integer property because of UPDs at both receivers and satellites. Fortunately, the wide-lane (WL) UPD barely changes over several months (Gabor & Nerem, 1999) , and the narrow-lane (NL) UPD is quite stable over a short time period of several tens of minutes (Ge et al., 2008) , thus enabling UPD estimation. Once the WL and NL ambiguities are fixed, the IF combination ambiguity is fixed as well.
A network solution is used to estimate the WL and NL UPDs by means of a least squares adjustment, and the observation equation can be presented as follows:
Assume that there are n stations tracking m satellites, where the matrix R indicates the matrices of ambiguity fractional parts for each satellite-station link; d r and d s denote the matrices of UPDs at receiver and satellite, respectively; C and S are the corresponding coefficient matrix of UPDs of receivers and satellites. To obtain stable WL UPD products, the BDS satellite-induced code bias should be corrected before the UPD estimation. For IGSO and Medium Earth Orbiting satellites, the code bias can be eliminated by a piecewise linear correction model proposed by Wanninger and Beer (2015) , whereas for Geostationary Earth Orbit satellites, it can be corrected by sidereal wavelet filter. The precise BDS ambiguities estimated by multi-Global Navigation Satellite System PPP also provide an important premise to obtain high-precision NL UPDs. In addition, common errors between stations can be absorbed into satellite UPDs under the condition of a denser and small network, which leads more stable UPD products.
Real-time UPDs can be estimated epoch by epoch and then applied to the real-time ambiguity resolution. The Hatch-Melbourne-Wübbena combination is formulated here to obtain the WL ambiguity (Hatch, 1982; Melbourne, 1985; Wübbena, 1985) . With the WL UPD corrected, the WL ambiguities will be fixed to integers by the round strategy (Dong & Bock, 1989) . Then the NL ambiguities can be derived from the fixed WL ambiguities and IF combination ambiguities. With the NL UPD corrected, the integer NL ambiguity can be obtained by the LAMBDA method (Teunissen et al., 1999) . After obtaining the integer ambiguities, the estimated parameter vector X can be shown as
The sequential least squares method is adopted here for estimation of those parameters (Li et al., 2013) . We estimated receiver clock offset t r as a white noise process; both ZWD (Z w ) and the horizontal gradients (G N , G E ) are modeled as random walk process, and the noise intensity of ZWD is set as 15 mm= ffiffiffiffi ffi hr p . A flowchart of the processing strategies for BDS real-time PWV extraction is presented in Figure 3 , and the details are provided in Table 1. With accurate ZWD estimates, the PWV can be obtained by
The parameter ∏(T m ) can be calculated by the atmospheric mean temperature T m (Bevis, 1992) :
where R v denotes the specific gas constant of PWV, which is generally 461.51 JK À1 /kg; ρ w = 999.97 kg/m 3 denotes the density of liquid water; and k /hpa). Because the difference between T m from European Centre for Medium-Range Weather Forecasts (ECMWF) and from global radiosonde observations is less than 2 K for most stations (Wang et al., 2005) , we use T m from ECMWF reanalysis center to convert ZWD to PWV.
With the a priori ZHD and wet delay parameter, ZTD can be reconstructed. To retrieve the accurate ZWD from the PPP-derived ZTD, the more accurate ZHD is calculated by using pressure parameters from the ECMWF reanalysis. Then, ZWD is generated by the PPP-derived ZTD with the accurate ZHD estimations subtracted. Finally, ZWD could be converted into PWV following equation (6). 
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Results and Analysis
In this study, we processed BDS observations in real-time and tropospheric parameters were estimated every 30 s. The station coordinates were fixed to weekly solutions. Because International Global Navigation Satellite System Service tropospheric products were unavailable for Hong Kong CORS and the CMONOC stations, we employed the Positioning and Navigation Data Analyst software to generate the GPS tropospheric product by using the postprocessing network solution. It has an accuracy of less than 1 mm with respect to radiosonde (Dousa, 2001; Niell et al., 2001 ). Thus, the postprocessed GPS PWV can be used as standard reference, and the initialization time, reliability, and accuracy were selected as indicators to validate the performance of the real-time BDS PWV product.
Initialization Time of Real-Time BDS PWV
The initialization process is completed once differences between the estimated troposphere results and reference products are maintained lower than a given value. In this study, a value of 3 mm (about 20 mm in ZTD) was set, which is a common threshold for the implementation of PWV in meteorological applications (Offiler, 2010) . Figure 4 shows the real-time BDS PWV series of two stations: HKKS from Hong Kong CORS and YNSM from CMONOC. The yellow and brown curves indicate the real-time BDS PWV retrieved from the float and fixed solutions, respectively, whereas the black curves refer to the GPS PWV series. The figure shows initialization procedures for the three solutions. As expected, the fixed solution required a shorter initialization time than the float solution after the ambiguities were fixed to correct integers (Liu et al., 2017) . We summarized the average initialization time, and the results are shown in Figure 5 . The blue/green columns indicate the real-time BDS PWV with the float/fixed solutions and the yellow columns represent GPS PWV. BDS float solution required the longest initialization time, and the real-time BDS PWV derived from PPP fixed solution consumed a shorter time for the convergence process for all stations, but it was still much longer than that required by GPS. The average initialization time of BDS PWV with the float solution were 104.4 and 94.4 min for Hong Kong and CMONOC stations, respectively, which could be shortened to 74.4 and 82.5 min for the BDS PWV with the fixed solution. Compared with GPS, the convergence process for BDS was much longer, which may be due to the slow movement of GEO and IGSO satellites .
Correlation Between BDS PWV and GPS PWV
To verify the reliability of the results, a correlation analysis was performed. Figure 6 shows the PWV series of stations HKMW and HKWS from the Hong Kong CORS and JXJA and XIAM from CMONOC. The yellow and brown lines indicate real-time BDS PWV with the float/fixed solutions, whereas the black line refers to postprocessed GPS PWV products. In our real-time processing, the PPP estimator was reset every single day, and thus, an obvious initialization time can be found for the first few hours of each day. The real-time BDS PWV agreed well with the postprocessed GPS PWV. Compared with the reference data, the real-time BDS PWV series with the fixed solution was more accurate and reliable than that with the traditional float solution. In addition, the real-time BDS PWV product with the fixed solution exhibited less outliers and was not susceptible to noise. Figure 7 presents the linear correlation between the real-time BDS PWV and postprocessed GPS PWV for station HKMW on DOY 024-033 of 2016. The BDS PWV estimated with the float and fixed solutions is shown in the left and right panels, respectively. A strong correlation was found between real-time BDS PWV and postprocessed GPS PWV. The correlation coefficient between BDS PWV with fixed solution and GPS PWV was 0.95 at station HKMW, which shows high relevance with the GPS product. The statistical results are summarized in Table 2 , showing that the BDS PWV product with the fixed solution showed a smaller deviation from the GPS Note. All values in millimeter. BDS = BeiDou Navigation Satellite System; GPS = Global Positioning System; DOY = day of year.
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Journal of Geophysical Research: Atmospheres product than float solution. To further investigate the sensitivity of the two processing solutions, we analyzed the experimental results of the Hong Kong CORS in two different periods. The statistics show that the BDS PWV product with the fixed solution was improved with smaller mean bias compared with that of the float solution in both summer (DOY 183-192, 2016) and winter (DOY 024-033, 2016).
Accuracy of Real-Time BDS PWV
The distribution of differences in PWV between real-time BDS solutions and GPS postprocessed solution at stations HKMW (left) and HKWS (right) of the Hong Kong CORS is presented in Figure 8 . Frequency counts of PWV differences between the BDS fixed solution in real-time mode and GPS postprocessed solution were closer to the normal distribution than those with the float solutions. RMS values of the PWV differences were 2.32 mm for station HKMW and 2.86 mm for station HKWS. Compared with the float solution (3.98 mm for station HKMW and 4.22 mm for station HKWS), the improvement was approximately 41.5% and 32.2%. In addition, standard deviation (STD) values and mean biases for the two stations were 2.28 and À0.47 mm (HKMW), and 2.77 and À0.722 mm (HKWS), respectively. Figure 9 shows the distribution of PWV differences between BDS real-time PPP solutions and GPS postprocessed solution at JXJA and XIAM of CMONOC. As expected, the frequency distribution of PWV differences between real-time BDS with the fixed solution and postprocessed GPS was closer to the normal distribution than those retrieved from the float solution. RMS values of PWV estimated with the float solution were 3.49 
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Journal of Geophysical Research: Atmospheres and 4.14 mm at stations JXJA and XIAM, and they could be improved to 2.90 and 3.39 mm with the fixed solution. The accuracy of the real-time BDS PWV with the fixed solution could be improved by 16.9% and 18.1% for the two stations. Furthermore, STD at station JXJA was reduced from 3.44 to 2.86 mm, whereas it was reduced from 3.74 to 3.07 mm at station XIAM. The mean bias between the real-time BDS PWV and postprocessed GPS PWV also declined from À0.618 mm to À0.474 mm (JXJA) and À 1.77 mm to À1.44 mm (XIAM), respectively, after applying the fixed solution. The average RMS values of differences in PWV for all stations in the Hong Kong CORS and CMONOC are also summarized in Figure 11 . The top panel of Figure 11 represents the average RMS values for the Hong Kong stations during summer and winter (DOY 024-033), whereas the bottom panel denotes CMONOC winter results during DOY 024-033, 2016. Compared with products obtained by the float solution, the accuracy of BDS-derived PWV with the fixed solution was higher. The average RMS values of the Hong Kong stations were 2.76 mm in winter and 3.28 mm in summer. Compared with the traditional float solution, the results demonstrate that the BDS PWV products improved by 33.2% and 27.5% during summer and winter after applying the fixed solution. The average RMS values were 3.12 mm for the Hong Kong stations and 3.50 mm for CMONOC stations. The accuracy of the real-time BDS PWV with the fixed solution was improved by approximately 30.4% for the Hong Kong CORS and 12.8% for CMONOC. Higher accuracy could be clearly achieved for the real-time BDS PWV with the fixed solution than the product with the float solution. In addition, the improvement of the PWV accuracy was more significant for the Hong Kong CORS than for CMONOC.
Conclusions
In this study, 32 stations (17 in the Hong Kong CORS and 15 in CMONOC) were used to retrieve BDS PWV products based on the real-time PPP ambiguity resolution approach. We conducted a detailed analysis of factors, including initialization time, reliability, and the accuracy of the real-time BDS PWV product.
As for the convergence, average initialization times of 104.4 and 94.4 min are required by the traditional float BDS PWV product for the Hong Kong CORS and CMONOC network. By applying the fixed solution, the average initialization time could be shortened to 74.4 and 82.5 min, with improvements of 27.1% and 11.6%, respectively. In the correlation analysis, the real-time BDS PWV agreed well with the GPS products. The fixed real-time BDS PWV was more accurate and reliable than those of the float solution. Furthermore, mean biases between BDS PWV and GPS PWV were close to zero. The comparative experiment results showed that the fixed BDS PWV product has a similar improved performance during both summer and winter. 
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Journal of Geophysical Research: Atmospheres Differences in distribution, STD, and RMS values were used as indicators to determine the accuracy of the real-time BDS PWV. The distribution of differences in the BDS fixed solution was close to the normal distribution. RMS values of the fixed solution were 1.91-4.42 and 2.79-4.38 mm, for the Hong Kong CORS and CMONOC, respectively. The accuracy was improved by 30.4% for the Hong Kong CORS and 12.8% for CMONOC from the product with the float solution. The greater improvement for the Hong Kong CORS may be attributed to the more stable and accurate UPD products derived from the smaller network.
